Introduction
For several decades, intensive research in the chemistry of metal alkoxides or aryloxides [1] [2] [3] [4] [5] [6] [7] [8] has developed, because of their interesting potential to serve many different applications for precursors of oxide materials such as LiCoO 2 , [7, 9] as catalysts, [10] [11] [12] [13] or as conducting materials. [9, 14, 15] Metal alkoxides have also been proposed as good precursors for ceramic materials based on high-purity metal oxides, because of their high solubility, low decomposition temperatures, [16] cross linking ability, and ease of modification. [6, 17] Several methods have been reported for the synthesis of metal alkoxides and aryloxides. [2] [3] [4] 6] The synthetic method depends generally on the electronegativity of the metal concerned. High electropositive metals, such as alkali, alkaline earth metals, and lanthanides, react directly with alcohols to liberate a hydrogen molecule and the corresponding metal alkoxide/aryloxide. [2, 4, 18] Anodic dissolution of the metal (Sc, Y, Ti, Fe, Co, Ni, Cu) by electrochemical routes in dry alcohols and conducting electrolytes appears to be a promising procedure for metal alkoxide synthesis. [2] Aryloxide ligands are easily available and can form rather stable metal aryloxides with oxygen bridges between different metal ions, [16] a property that can be useful in the construction of metal organic frameworks (MOFs), clusters, and coordination polymer compounds. [19] In order to fraction. While compounds 1 and 3 were synthesized by an oxidative substitution reaction, compound 2 was directly obtained from the Fe III salt. These compounds are accessible by both synthetic pathways. Additionally, in compound 1, the phenoxy ligand was catalytically oxidized to ortho-catechol, which was incorporated into the structure of 1 as a ligand that coordinates strongly to iron. All compounds feature the Fe III ion with a trigonal, bipyramidal environment, with coordination number 5. obtain mixed metal oxide materials, the precursors should contain the metal ions in the correct stoichiometric ratio for the formation of the final oxide. Compounds containing a mixture of alkali and transition metal ions present ideal combinations with a view to develop precursors with low decomposition temperatures to yield the mixed metal oxide materials used, for example, in lithium ion batteries. The transition metal ion can easily be varied. Thus, various heterobimetallic compounds based on alkoxide or aryloxide ligands have been reported [2, 4, 8, 15, 17, 20] for several interesting applications like precursors for porous iron, manganese, or titanium oxides in photocatalysts. [5] The synthesis of the single-molecule-like [(thf)NaFe(OtBu) 3 ] 2 [19] has been evaluated to be a good initiator for controlled ring-opening polymerization of rac-lactide. As cited before, iron alkoxide/ aryloxide complexes have particularly been shown to be interesting for several applications such as precursors for iron oxide nanoparticles, [15, 21] or as catalysts. [10, 12, 13, 19] For several years, we have been studying the synthesis of mixed metal compounds [22] [23] [24] containing alkali or alkaline earth and transition metal ions in order to generate mixed metal oxides with the intent of making these at much lower temperatures than those employed in the classical solid state synthesis. [15, 24] Our general reaction scheme involves a M II halide, which is reacted with an alkali alkoxide or aryloxide in a dry solvent such as thf.
Thus, we have shown that, for example, a lithium calcium phenoxide compound used as catalyst for the styrene polymerization [25] possesses a bis(heterocubane) structure, based on one calcium and six lithium ions as well as eight OPh anions, [23] a structure that was hitherto unknown.
Since then, we have started to transfer this synthetic approach to transition metal halides as starting compounds, successfully using cobalt as transition metal ion to yield LiCoO 2 . [26] In parallel, we initiated research on other transition metal halides such as FeCl 2 and FeCl 3 . For the preparation of mixed metal cluster compounds, it is often difficult to predict the stoichiometric ratio with which stable cage compounds or aggregates can be formed. We therefore performed a systematic study, reacting iron chloride with different amounts of LiOPh in terms of equivalents. The results presented here will refer to the ratios Fe/Li of 1:4, 1:5, and 1:6. As a function of this ratio, different coordination compounds are obtained and described in the following sections.
Results and Discussion
Fe/Li Ratio of 1:4
In a first reaction, FeCl 2 was treated with four equivalents of LiOPh in thf. ion (Fe1), three lithium ions, one chloride ion, four thf molecules, and three phenoxide ligands as well as one pyrocatecholate ligand. The transition metal ion is surrounded by five oxygen atoms, O1 and O2 of the catecholate, and O3-O5 of three phenoxide moieties. The five O atoms form a distorted pentagon around Fe1. O1 and O2 act furthermore as bridging atoms to lithium ions Li1 and Li2, respectively, which bear two terminal thf ligands each. Li1 completes its coordination sphere by also binding to O5 of a phenoxide, which is also the bridging ligand to Fe1. Furthermore, the phenoxide moieties O3 and O4 connect Fe1 to Li3. Li2 and Li3 are both coordinated by Cl1, while Li3 also connects to the symmetry-equivalent of Cl1, Cl1Ј ( Figure 1 ). Indeed, a dimer is thus formed through an inversion center located in the geometrical middle of the rhombus formed by Li3, Cl1, Li3Ј, and Cl1Ј. When the bridging chloride ions are included in the description, all lithium ions are coordinated tetrahedrally. Li2, Li3, and Cl1 form an excerpt of a laddertype structure observed in other cluster or coordination polymer compounds. [27] The polyhedra around the metal ions are connected such that the tetrahedra around the lithium ions Li1 and Li3 share an edge with the distorted trigonal bipyramid around Fe1, while the tetrahedron around Li2 is only connected through a corner, O2. The distorted polyhedron around Fe1 can be described with O2 and O5 in axial positions, forming an angle of 159.19(9)°, and three O atoms in equatorial po- [28] The bond valence sum gives a value of 3.02 for Fe1, showing that the metal ion is well-coordinated.
Clearly, oxidation processes have occurred at different levels in this reaction: in a first step, Fe II was oxidized to Fe III . At this stage, the source of oxidation agents is unclear; it could have been oxygen due to improper transfer of reagents while using the Schlenk technique, but the high yield of the product leaves us in doubt. The second oxidation process, however, might give us hints as to which oxidant was introduced by accident during this reaction: a pyrocatecholate was formed from phenolate. A literature search [29] [30] [31] [32] [33] shows that the presence of Fe II ions can catalyze the oxidation of phenol to catechol by peroxide, preferentially forming the ortho-substituted product, as we observe in compound 1. Given the fact that the oxidation process can be observed directly with the naked eye upon addition of the commercial 1 m solution of LiOPh in thf, we suspect that peroxide is present, and it stems from the ethereal solvent thf. As the reaction gave good yields, peroxide must have been present in quasi stoichiometric quantities such that; (1) all Fe II was oxidized to Fe III , and (2) ¼ of the phenolate was oxidized to pyrocatechol on top of that. The reaction scheme for the formation of 1 can thus be written as:
Fe/Li Ratio of 1:5
In order to avoid the oxidation reaction, we directly used FeCl 3 and reacted it with LiOPh in a ratio of 1:5 in thf to obtain brown single crystals of [{(thf) 3 Li 3 Fe(OPh) 5 Cl} 3 ] n (2), which crystallize in the triclinic space group P1. The reaction takes place as a complete chloride substitution on the iron atom; however, LiCl is integrated into the final structure, as given by the following equation.
The smallest unit of 2 consists, as in 1, of one iron and three lithium ions, bridged to each other by oxygen atoms. Thus, Fe1 is connected to Li1 by the phenoxide groups O1 and O2, to Li2 by O2 and O3, and to Li3 by O4 and O5. Among the five phenoxide moieties, only O2 is μ 3 -bridging, while the others act as simple bridging ligands. Each lithium ion carries a terminal thf ligand ( Figure 2 ). Both Li1 and Li2 are also linked to a chloride ion, Cl3, such that Fe1, Li1, Li2, O1-O3, and Cl3 form an open, distorted heterocubane structure with one missing corner. On the other side of the aggregate, Li3 binds to Cl1 of the next similar unit. Three such entities, formed around Fe1, Fe2, and Fe3, are connected to each other in a zigzag fashion, and in the end, the third unit is connected to the symmetry-equivalent of the first. In this way, a one-dimensional coordination polymer is obtained. The first basic unit with Fe1 is distorted with respect to the basic unit around Fe2 with a torsion angle of 113.2(2)°, which is itself twisted against the third unit of Fe3 with a torsion angle of 112.6(2)°.
It is surprising that, although an excess of LiOPh was used to eliminate all chloride, one chloride per unit remains in the final structure. On the other hand, a polymeric structure could be obtained here. The formation of catecholate is not observed in this case; therefore, there should be no constrained bite angles here. Indeed, the geometry around the iron atoms Fe1, Fe2, and Fe3 presents three almost linear O-Fe-O angles ranging from 176.4 (2) This time, oxidation of Fe II to Fe III occurs as the only oxidation process. The structure still resembles compound 1 and 2: again, the iron ion Fe1 has a pentagonal coordination sphere with five O atoms, O1-O5, stemming from five phenoxide ligands (Figure 3) . Less distorted than in 1, the O1-Fe1-O4 angle is 179.5(2)°, and the angles between the equatorially placed phenoxides are found to reach from 110.6(2)°to 124.7(2)°. O1 and O2 act as bridging ligands between Fe1 and Li1, to which two terminal thf ligands are also coordinated. O3, O4, and O5 connect Fe1 to Li2 and Li3, which are both bridged by phenoxide O6. In this way, an open heterocubane structure with a missing corner is formed by Fe1, Li2, Li3, and O3, O4, O5, and O6. While Li2 carries a terminal thf to complete its tetrahedral coordination sphere, Li3 is connected to O6#1 via an inversion center found in the middle of the rhombus Li3-O6-Li3#1-O6#1. The phenoxide of O6 in compound 3 plays thus a similar role to that of Cl1 in compound 1, linking the two molecular units into a dimeric entity. For all reactions starting from Fe II , complete oxidation of the metal ion was observed, and also the oxidation of phenol to catechol for compound 1. This reaction can happen in the presence of metal ions as catalysts and with H 2 O 2 as oxidant. We propose, on the basis of literature data, [29] [30] [31] [32] [33] a reaction mechanism, shown in Scheme 1, for the oxidation. Scheme 1. While catechol was formed during the first reaction, this ligand was not observed in the other two reactions, thus leading to compounds 2 and 3. Given the extremely good sequestering/chelating properties of catechol with iron ions, we would have expected to find this ligand, if it had formed, coordinated to the iron ions. This was not the case, and 13 C NMR spectroscopic studies also do not confirm the presence of this ligand.
To elucidate the oxidation processes, we tested the initial 1 m LiOPh solution in thf for the presence of peroxide. A peroxide strip test did not give a positive response. We therefore suspect that peroxide formed in the thf used as solvent after storage over several days. All of our compounds exhibit a pentacoordinate Fe III ion with five O-donors surrounding it. Such a coordination is unique to the best of the authors' knowledge, as other reported Fe III compounds with coordination number five have N-and O-donors. [34] [35] [36] [37] Other purely O-donor-coordinated Fe III compounds have coordination numbers of four, based, for example, on sterically demanding OtBu ligands. [38, 39] Pentacoordinate Fe III compounds are highly exciting compounds, as they are the main players in crucial applications such as oxygen transport in blood (non-heme), [35, 40] enzymes, [37] and catalysts. [29] [30] [31] [32] [33] Complexes with coordination number five can process two different geometries, either square pyramidal or trigonal bipyramidal. The most active compounds feature the square pyramid around the metal ion, whereas the trigonal bipyramidal compounds seem to be less active. In order to decide whether a compound with distorted geometry is rather one or the other, the geometry factor τ can be calculated. [41] While our compounds 2 and 3 with τ between 0.79 for Fe3 and 0.89 for Fe1 in 2, respectively, and τ = 0.91 for 3 can be rather classified as trigonal bipyramidal, compound 1 has a τ value of 0.31. It is thus closer to square pyramidal than trigonal bipyramidal and might exhibit exciting properties in terms of catalysis. This research is ongoing in our laboratory.
In the three compounds, the tetrahedrally coordinated Li atoms form Li-O bonds (Table 1) 
Conclusions
Starting from Fe II and Fe III chloride, we were able, through oxidation and/or substitution reactions, to obtain three new Fe III coordination compounds. All of these compounds possess a pentagonal coordination sphere around the transition metal ion based on five O-donor atoms. In compound 1 we observed the iron-catalyzed oxidation of phenolate to catecholate, in compound 2 a substitution reaction occurred, and in compound 3 oxidation and substitution were observed. Whereas compound 2 and 3 have distorted trigonal bipyramidal coordination spheres around the Fe atom, compound 1 exhibits distorted square-pyramidal geometry, offering the possibility for catalytic reactions.
Experimental Section
Materials and Characterizations: All reagents and solvents were bought from Aldrich, except for the FeCl 2 , which was bought from Fluka and the thf solvent, which was stored in molecular sieves type 4A from Fluka. All experiments were run under an inert atmosphere with use of a glove box and the Schlenk technique. [42] General Synthesis Procedure: All the materials were synthesized by using a modified version of the method of Gun'ko et al. [38] We used a 1 m solution of lithium phenoxide in thf from Sigma Aldrich. Solvent thf was used as the main synthesis solvent, and the crystallizations were performed by solvent diffusion. After a few weeks, dark-brown single crystals appeared in the Schlenk flask.
[(thf) 4 Li 3 Fe(OPh) 3 (O 2 C 6 H 4 )Cl] 2 (1): FeCl 2 (1.01 mmol, 128 mg) was dissolved in an excess of thf (15 mL). Then, this solution was kept under reflux for 15 min. Lithium phenoxide (3 mmol, 3 mL, 1 m) was added by using a syringe through a septum under argon flow, and the solution spontaneously became dark red. The dark red solution was been kept under reflux for 30 min to complete the reaction. After cooling to room temperature, diethyl ether (10 mL) was added to accelerate the precipitation of LiCl, which allowed the solution to be filtered. The remaining solution was concentrated by evaporation of thf under vacuum, and heptane (10 mL) was slowly added without mixing for liquid/liquid diffusion crystallization. Single-Crystal X-ray Structures: All single crystals suitable for Xray measurement were mounted on loops. Data was collected at 200 K with a STOE IPDS II and IPDS IIT diffractometer equipped with an Oxford Cryosystem open flow cryostat. [43] Structures were solved and refined with ShelX 97 software [44] by using PLATON [45] to change space group from P2 1 /n to P2 1 /c (1) program with the version 4.0.6 to confirm the oxidation state of the metal ions. Hydrogen atoms were introduced as fixed contributors, when a residual electronic density was observed near their expected positions. Table 2 contains the crystallographic data of the structure analyses of compounds 1-3. Disorders of the coordinated thf in compound 2 are responsible for the high R value.
CCDC-846169 (for 1), -846170 (for 3), and -846171 (for 2) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Bond Valence Sums:
The bond valence sums were calculated by the Valist program. [46] Supporting Information (see footnote on the first page of this article): Additional views of the structures of compounds 1 and 3, histogram of bite angles, NMR and XRPD spectra, scheme of the Berry pseudorotation in trigonal bipyramidal iron complexes, and bond lengths for compounds 1, 2, and 3.
